In-medium valence-quark distributions of π + and K + mesons in symmetric nuclear matter are studied by combining the Nambu-Jona-Lasinio model and the quark-meson coupling model. The in-medium properties of the current quarks, which are used as inputs for studying the in-medium pion and kaon properties in the NambuJona-Lasinio model, are calculated within the quark-meson coupling model. The light-quark condensates, light-quark dynamical masses, pion and kaon decay constants, and pion-and kaon-quark coupling constants are found to decrease as nuclear density increases. The obtained valence quark distributions in vacuum for both the π + and K + could reasonably describe the available experimental data over a wide range of Bjorken-x. The in-medium valence u-quark distribution in the π + at Q 2 = 16 GeV 2 is found to be almost unchanged compared to the in-vacuum case. However, the in-medium to in-vacuum ratios of both the valence u-quark and valence s-quark distributions of the K + meson at Q 2 = 16 GeV 2 increase with nuclear matter density, but show different x-dependence. Namely, the ratio for the valence u-quark distribution increases with x, while that for the valence s quark decreases with x. These features are enhanced at higher density regions.
I. INTRODUCTION
Pions and kaons, which emerge as a consequence of dynamical chiral symmetry breaking [1] , play very important and special roles in understanding the nonperturbative features of low-energy Quantum Chromodynamics (QCD) [2] . The nonperturbative aspects of QCD can be accessed through the elastic electromagnetic form factors and quark distribution functions of these mesons [3] [4] [5] as well as hadron distribution functions in the low-Q 2 region, where the latter quantities are used as inputs for Q 2 -evolution to high-Q 2 region that the perturbative QCD phenomena are experimentally accessible. They can provide us with important information on the internal structure of pions and kaons as well as the quark and gluon dynamics. However, it is highly nontrivial to calculate the quark distribution functions of these mesons in vacuum at low-energy scale. Several models [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , and lattice QCD simulations [16] [17] [18] [19] have been applied to study the internal structure of pions and kaons in vacuum. Despite of these efforts, theoretical understanding of quark distributions of pions and kaons requires more efforts and the situation is worsened by the scarce of experimental data [20] [21] [22] , in particular, for kaons. Attempts to understanding quark distribution functions of mesons in a nuclear medium is much more restricted.
However, some recent progress has been reported for understanding the quark distributions of pions and kaons. Several studies were made to uncover the internal structure of pions in a nuclear medium, e.g., pion properties in nuclei [23, 24] , and pion photoproduction off nuclei [25] . Furthermore, for the strange quark sector, investigations on kaon photoproduction off nuclei [26] and kaon-nucleus Drell-Yan processes [27] were reported. The first evidence that triggered the interests for hadron properties in a nuclear medium is the EMC effects reported by the European Muon Collaboration in Ref. [28] , where the deep inelastic scattering data revealed that parton distributions of bound nucleons in nuclei are modified and quite different from those of free nucleons [29] . It is, therefore, natural to expect that the internal structure of mesons would also be modified in a nuclear medium and affect the meson production in heavy ion collisions (HIC) [30] , the reactions involving finite nuclei, and the quark distributions of mesons. A deeper understanding of the in-medium modifications of the quark distributions of mesons can provide us with useful information on the hadronization phenomena in HIC [30] , pion-and kaon-nuclear Drell-Yan processes [27, 31] , as well as the recently proposed experimental measurements of structure functions of pions and kaons via the pion-and kaoninduced Drell-Yan production on polarised and unpolarised proton, deuteron, and nuclear targets at the M2 beam line of CERN SPS [32] .
Recently, the electromagnetic form factors of pions and kaons [24, 33] as well as meson distribution amplitudes [34] in a nuclear medium were studied by combining the lightfront constituent quark model and the quark-meson coupling (QMC) model. In these publications, the QMC model was used to provide the in-medium light-quark properties, which were then used as inputs for studying the medium modifications of meson properties. However, quark distributions, or parton distribution functions (PDFs) of mesons in a nuclear medium should be explored further in more elaborated manner. For example, consistency with the chiral limit of QCD is an important constraint for a model study, which is not observed by the previous studies. This is one of the main motivations of the present work. An early attempt to investigate the pion structure in a nuclear medium was made around two decades ago, by combining the Nambu-Jona-Lasinio (NJL) model and the operator product expansion [35] to incorporate the nuclear medium effects in the calculations of twist-2 operators. It was found that the in-medium structure function of the pion decreases in the large-Bjorken-x region at the saturation density ρ 0 = 0.17 fm −3 . In the present work we study the valencequark distributions (or valence PDFs) of both the π + and K + mesons in symmetric nuclear matter based on the NJL model with an improved treatment for the nuclear medium effects. Namely, the in-medium quantities, which are served as inputs in the present study, are consistently constrained by the symmetric nuclear matter properties at saturation density in the QMC model, and the NJL model is used to satisfy the chiral limit.
One of the main focuses of the present work is on the inmedium modifications of the valence u-quark distributions in π + and K + mesons in symmetric nuclear matter. Our approach is based on the NJL model with the constrained in-medium inputs calculated by the QMC model. The NJL model is a powerful chiral effective quark theory of QCD with numerous successes in the studies of meson properties [36] [37] [38] [39] [40] . Recently, the NJL model was applied for studying the kaon electromagnetic form factor and valence-quark distributions in vacuum [5] , as well as the in-medium electroweak properties of pions [41] . By extending the works of Refs. [5, 41] , we explore the valence-quark distributions of the π + and K + mesons, dynamical quark masses, and pion/kaon properties in symmetric nuclear matter. This paper is organized as follows. In Sec. II we briefly review the calculation of the meson properties in the NJL model. The in-medium quark properties in the QMC model are described in Sec. III, which will be used as inputs to study the in-medium pion and kaon properties based on the NJL model in Sec. IV. Presented in Sec. V are the in-medium modifications of valence-parton distribution functions of π + and K + mesons calculated in the present work. The implications of our numerical results are also discussed. Section VI gives the summary.
II. PION AND KAON FREE-SPACE PROPERTIES IN THE NJL MODEL
In this section we briefly review how we calculate the pion and kaon free-space properties in the NJL model. (See Refs. [5, 40] for details.) The NJL model is an effective theory of QCD in the low-energy region, which contains important features of QCD such as chiral symmetry and its breaking pattern. Thus it has been widely used for understanding various low-energy nonperturbative phenomena of QCD [39] .
To study kaon properties, one needs to extend the NJL model to three-flavor case of which Lagrangian with four-fermion contact interactions reads
where a sum over a = (0, 
for a quark flavor q (= u, d, s) and the dynamically generated constituent quark mass M q is obtained as
Here, the quark condensate is denoted byand the trace is only for the Dirac-space indices. Then the proper-time regularization scheme leads to
where Λ UV and Λ IR are, respectively, the ultraviolet and infrared cutoff parameters. Pions and kaons are described in the NJL model as quarkantiquark bound states by solving the corresponding BetheSaltpeter equations (BSEs). The solutions to the BSEs are given by a two-body t-matrix that depends on the interaction channel. For the pseudoscalar channel α (= π, K), it is given by
where the bubble diagrams lead to
The meson masses are identified by the pole positions in the corresponding t-matrices. Thus, the pion and kaon masses are given, respectively, by the solutions of the equations,
These equations can be rearranged to give the pion and kaon masses as
where
for quark flavors a and b. Equation (9) makes it evident that chiral symmetry and its breaking pattern are embedded in the NJL model. The model satisfies the chiral limit and the pions and kaons become massless in the chiral limit being realized as Goldstone bosons. The residue at a pole in theqq t-matrix defines the meson (α)-quark coupling constant g αqq as
with α = π, K. The pion and kaon weak decay constants are determined from the meson to vacuum transition matrix element 0|J 5µ a (0)|α(p) with J 5µ a being the quark weak axial-vector current operator for a flavor quantum number a. Evaluating the corresponding matrix elements, pion and kaon weak decay constants in the proper-time regularization scheme are expressed as [42, 43] 
This completes the formalism for meson masses, decay constants, and meson-quark coupling constants in vacuum. Following Refs. 
III. IN-MEDIUM QUARK PROPERTIES IN THE QMC MODEL
In the present approach, the in-medium current-quark properties are provided by the QMC model [44] , which will be used in the NJL model to explore the in-medium dynamical quark and meson properties. The QMC model has been successfully applied for studying many topics in nuclear and hadron physics such as finite nuclei [45] [46] [47] [48] [49] , hypernuclei [50, 51] , superheavy nuclei [52] , neutron star properties [53] , and nucleon/hadron properties in a nuclear medium [54, 55] . In the QMC model, medium effects are incorporated by the selfconsistent exchanges of the scalar (σ), vector-isoscalar (ω), and vector-isovector (ρ) meson fields, which directly couple to the confined light quarks inside the nucleon, rather than to a pointlike nucleon. In the following, we consider symmetric nuclear matter in its rest frame in the Hartree mean-field approximation. (See Ref. [56] for detailed discussions on the Hartree-Fock treatment.)
The effective Lagrangian for symmetric nuclear matter is given by [51, 54] 
where ψ N , σ, and ω are the nucleon, σ-, and ω-meson fields, respectively. The effective nucleon mass M * N is defined by
Here, g σ (σ) and g ω are the σ-dependent nucleon-σ and nucleon-ω coupling constants, respectively. We define the nucleon-σ coupling constant as g N σ ≡ g σ (σ = 0) for later convenience. Because symmetric nuclear matter is isospin saturated, the isospin-dependent ρ-meson field vanishes in the Hartree approximation and is not included in Eq. (13) . The free meson Lagrangian density in Eq. (13) is given by
In the Hartree mean-field approximation the nucleon Fermi momentum k F is related to the baryon density (ρ B ) and scalar density (ρ s ) defined as
where Θ(x) is the Heaviside step function and γ = 4 for symmetric nuclear matter. The baryon density ρ B is given by ρ B = ρ p + ρ n , where ρ p and ρ n are proton and neutron densities, respectively.
In the QMC model, nuclear matter is described as a collection of nonoverlapping MIT bags of nucleons [57] . The Dirac equations for the quarks and antiquarks in the bag are given by
and we can define the effective in-medium current quark mass m * l as
with −V q σ being the scalar potential, while m * s = m s . The scalar and vector mean-field potentials felt by the light quarks in symmetric nuclear matter are, respectively, defined by
where g q σ and g q ω are the coupling constants of the light quarks to the mean-field σ and ω, respectively. Note that in the present approach the strange quark is decoupled from the scalar and vector mean-field potentials in nuclear medium.
The bag radius of hadron h in a nuclear medium, R * h , is determined through the stability condition of the hadron mass. The eigenenergies of the quarks, in units of 1/R * h , in the MIT bags are obtained as
The effective mass of hadron h, m * h , in nuclear medium is calculated by
which determines R * h by the stability condition, i.e.,
and Ω * s = Ω * s = 
The parameter z h accounts for the sum of the center-of-mass and gluon fluctuation corrections and is assumed to be independent of density [48] , and B is the bag constant. For the quark in the bag of hadron h, the ground state wave function satisfies the boundary condition at the bag surface, j 0 (x) = β q j 1 (x), where
and j 0,1 are spherical Bessel functions. This determines the values of x l and x s . Except for the saturation density and the binding energy at the saturation point that are used to fix the quark-meson coupling constants, nuclear matter properties depend on the light-quark current mass in vacuum. In Table I we list two sets of the QMC model results corresponding to two different current-quark mass values as well as the corresponding calculated quantities. The first row shows the quantities obtained with the standard QMC model values, m l = 5 MeV and m s = 250 MeV. In the present work, however, since we use the NJL model, we adopt m l = 16.4 MeV and m s = 356 MeV following Ref. [5] . The bag radius of the nucleon in free space, R N = 0.8 fm, is also used as an input.
The scalar and vector meson mean fields at the hadron level can be related with the baryon and scalar densities by
which yields C N (σ) = 1 for a pointlike nucleon [58, 59] . This is the origin of the novel saturation properties in the QMC model and contains the quark dynamics of nucleons (hadrons). Solving the self-consistent equation for the scalar mean field of Eq. (24), the total energy per nucleon is calculated as
The quark level coupling constants g 
which gives S N (σ = 0) ≈ 0.4899 for m l = 16.4 MeV. Here, ψ q is the lowest mode light-quark bag wave function obtained by solving the Dirac equation self-consistently in the scalar-σ and vector-ω mean fields. Shown in Fig. 1 is the obtained negative of binding energy per nucleon for symmetric nuclear matter. The calculated effective nucleon mass M * N is illustrated in Fig. 2 as a function of baryon density. The corresponding effective light-quark current mass m * l , scalar mean-field potential −V q σ , and vector mean-field potential V q ω are also presented in Fig. 3 .
IV. IN-MEDIUM PION AND KAON PROPERTIES
Based on the combined approach of the NJL-model formalism equipped with in-medium quark properties in the QMC model, we now explore the in-medium pion and kaon properties in this section. The in-medium mean-field potentials felt by the light quarks are computed in the QMC model and are shown in Fig. 3 . These in-medium properties of current quarks are used to estimate the in-medium dynamical quark masses in the NJL model, and they allow us to study the pion and kaon properties in medium such as the medium modifications of the valence-quark distributions of pions and kaons.
The gap equation for the dynamical quark mass M * q for a quark q in medium can be straightforwardly read from Eq. (3),
where m * q and M * q are, respectively, the corresponding densitydependent in-medium current-and dynamical-quark masses. We use the free space values for the coupling constant G π and the ultraviolet cutoff Λ UV , while we use Λ IR 0 or (1/Λ 2 IR ) = ∞, since we do not have information on Λ IR (or Λ QCD ) in medium and the results are not affected much by the value of Λ IR when 1/Λ 2 IR → ∞. In the present approach, the above relation holds only for light quarks, whille the strange quark mass does not change in nuclear matter. In addition, the extra density dependent term introduced in Refs. [60, 61] , which is proportional to quark chemical potentials to treat finite density systems, is not included because the information of symmetric nuclear matter saturation, and thus the medium effects, are selfconsistently included in the in-medium light-quark properties calculated in the QMC model.
The in-medium dressed quark propagators are expressed by
where the in-medium modifications enter as the shift of the light-quark momenta through 0) is the vector mean-field potential defined in the previous section [62] [63] [64] . An asterisk over a quantity denotes an in-medium quantity as before.
As in the vacuum case, mesons are described as dressed quark-antiquark bound states that appear as solutions of the BSE in the random phase approximation. The solution to the BSE in each meson channel is given by the t-matrix of a two-body scattering that depends on the nature of the interaction channel. The in-medium reduced t-matrices for π and K mesons take the same form as in vacuum:
where the in-medium bubble diagrams lead to
These equations show that the medium modified k * enters for the momenta of light quarks and the kaon also feels the vector potential, which is contrast to the pion case where the vector potentials for the light quark and light antiquark cancel out. Thus, although the vector potential effect can be eliminated by the integral variable shift for Π * π , it should be explicitly included in the calculation of Π * K . The meson masses are defined by the poles in the corresponding t-matrices as in the vacuum case, and Eqs. (31) and (32) lead to
These relations can be rewritten as
As in the vacuum case, the residue at a pole in theqq t-matrix defines the in-medium coupling constant g * αqq as
Results for the in-medium properties of dynamical quarks, pions, and kaons are presented in Table II . These results show that the considered in-medium quantities of dynamical quarks and mesons decrease with increasing density. At normal nuclear density ρ 0 , the dynamical u-quark mass is found to decrease by about 30%, while the magnitude of the u-quark condensate decreases by about 13%. These results indicate that chiral symmetry is partially restored in finite density system.
In the case of the pion, we find that its mass decreases by about 7% at normal nuclear density. For pion-quark coupling constant and pion decay constant we find g * πqq /g πqq ≈ 0.77 and f * π / f π = 0.87 at normal nuclear density. Our result for f * π / f π is in good agreement with that of Refs. [65, 66] but is about 10-20% larger than that of Refs. [67, 68] . In the kaon case, the tendency of medium modifications is somehow different as the s-quark properties are not modified in the present approach because it decouples from mean fields. As a result, the medium modifications of kaon properties realize only through the light quark in the kaon. Our results show that the kaon mass decreases by about 20% at normal nuclear matter density, while both the kaon-quark coupling constant and kaon decay constant, decrease only a few percent.
V. IN-MEDIUM VALENCE-QUARK DISTRIBUTIONS OF PIONS AND KAONS
As quark properties are modified in nuclear medium, it is quite natural to expect that the quark distributions or parton distribution functions (PDFs) of mesons are also modified in medium. In this section, following the PDF calculations of Ref. [5] , we evaluate the in-medium valence PDFs (or valencequark distributions) of pions and kaons. We start with the twist-2 quark distribution in a hadron α defined by
where c denotes the connected-diagram matrix element and x = k + /p + is the Bjorken scaling variable with p + (k + ) being the plus-component of the hadron (struck quark) momentum. In the NJL model, gluons are "integrated out" and the gaugelink, which should appear in Eq. (40), is unity. The valence-quark distribution functions (or valence PDFs) 
Feynman diagrams for the valence-quark distributions in a meson. The operator insertion γ + δ p + x − k + P q , whereP q is the projection operator for a quark q, is represented by the red cross.
given by Eq. (40) are calculated based on the two Feynman diagrams depicted in Fig. 4 , where the operator insertion is given by γ + δ (p + x − k + )P q , withP q being the projection operator for a quark q defined aŝ
Using the relationq(x) = −q(−x), the valence-quark and valence-antiquark distributions in a meson α are calculated as
. (43) It should be noted that the Bjorken-x variable appearing in the above equations is defined in nuclear medium.
To evaluate these quantities we first take the moments defined by
where n = 1, 2, . . . is an integer. Using the Ward-like identity, S(k)γ + S(k) = −∂S(k)/∂k + , and the Feynman parametrization, the quark and antiquark distributions for the K + -meson (us) are obtained as
Valence-quark distributions of the π + can be obtained by replacing M * s → M * l and g * Kqq → g * πqq , which leads to u π + (x) =d π + (x). The in-medium valence-quark distributions of other pseudoscalar mesons can be related by flavor symmetry. The expressions given by Eqs. (45) and (46) are consistent with those given in Ref. [5] for zero baryon density.
The valence-quark distributions in medium and in vacuum, with the corresponding Bjorken variablesx a and x a , respectively, are related by [69] 
, with V 0 being the vector potential, is the in-medium quark energy ( F = E F −V 0 for an antiquark) and k q F is the quark Fermi momentum which is related to the nuclear matter density as ρ B = 2(k q F ) 3 /3π 2 . The above formulas are valid only for light (u, d) quarks in the present approach. The values obtained by the QMC model for these quantities for the light quark are given in Table III. The in-medium valence-quark distributions satisfy the baryon number and momentum sum rules as (49) for the K + . Analogous relations hold for the π + as well.
The results for the valence PDFs of the π + and K + mesons in symmetric nuclear matter are presented in Figs. 5-7 together with those in vacuum. The valence-quark distributions have been evolved using the next-to-leading order (NLO) Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equations [71] [72] [73] [74] from the model scale of Q 2 0 = 0.16 GeV 2 , which was determined in Ref. [75] as a typical of valence dominated models for studying nucleon valence-quark distributions, to Q 2 = 16 GeV 2 . The Q 2 evolution is carried out in order to compare with the experimental data available at Q 2 = 16 GeV 2 .
Shown in Fig. 5 are the results for the valence u-quark distributions of the π + and K + and the valence s-quark distribution of the K + at Q 2 = 16 GeV 2 . The results are shown in vacuum and for symmetric nuclear matter at ρ B /ρ 0 = 0.25, 0.5, 0.75, 1.0, and 1.25. In Fig. 5(a) the obtained valence u-quark distributions of the π + are compared with the empirical data of Ref. [70] . Although our results underestimate the available experimental data by up to 20%, the general behavior of the valence PDF is in reasonable agreement with the data. Comparison of the valence PDFs for several nuclear matter densities shows that the density dependence of the light-quark PDFs of the π + is rather mild. which is consistent with the conclusion of Ref. [35] . This can also be verified in Fig. 6 which shows the in-medium to in-vacuum ratios of the valence PDFs.
However, the valence PDFs of the K + show a different density dependence as shown by the dashed and dotted lines in Fig. 5 . Not only the magnitude but the shape of the valence PDFs of the K + change with densities. In particular, the peak position of xs(x) in Fig. 5 changes from x ≈ 0.37 in vacuum to x ≈ 0.45 at ρ B = ρ 0 . The change can easily be verified in Fig. 6 , which shows that the valence u-quark distribution of the K + changes noticeably, in particular, in the small-x region. This feature becomes remarkable at higher densities. The enhancement is almost 50% in the small-x region at normal nuclear density. In contrast to the enhancement of the valence u-quark distribution of the K + in the small-x region, the valences-quark distribution of the K + is mostly enhanced in the large-x region as density increases. This enhancement is even larger than that of the valence-u-quark distribution in the small-x region, and experimental measurements are highly required to verify this prediction.
Finally, in Fig. 7 we present relative strength of the u-quark distribution of the K + with respect to the other quark distributions, i.e., u K (x)/u π (x) by the solid lines and u K (x)/s K (x) by the dashed lines. Note that all the distributions in Fig. 7 are those of quarks (or partons), but not the valence ones. Our results for u K (x)/u π (x) in vacuum is compared with the available experimental data of Ref. [31] in Fig. 7(a) . One can find that this ratio is enhanced at higher densities and, in particular, in the small-x region. In the large-x region, the ratio u K (x)/s K (x) is suppressed when nuclear density increases. This behavior is opposite to the case of u K (x)/u π (x). The deviations of these ratios from unity shows the pattern of the flavor symmetry breaking. Our results demonstrate that the flavor symmetry breaking effects becomes larger as density increases.
VI. SUMMARY
To summarize, we have studied the current-quark properties in symmetric nuclear matter in the QMC model. Then, using the in-medium quark properties obtained in the QMC model as inputs, we have studied the in-medium properties of dynamical quarks, pions, and kaons in symmetric nuclear matter in the NJL model. In particular, the valence-parton (valence-quark) distribution functions of π + and K + mesons in symmetric nuclear matter in the NJL model was investigated with the proper-time regularization scheme.
In the present study, we estimated the quark condensates, dynamical quark masses, meson decay constants, and mesonquark coupling constants for pions and kaons in symmetric nuclear matter in the NJL model. The valence parton distribution functions of π + and K + mesons in vacuum as well as in symmetric nuclear matter at Q 2 = 16 GeV 2 were calculated and compared with the available data. We found that the effects of nuclear medium on the valence u-quark distribution of the π + is rather weak, which supports the observation of Ref. [35] . However, the valence quark distributions of the K + show appreciable medium effects, namely, the valence uquark distribution of the K + shows enhancement in the small x region, while that of thes shows enhancement in the large x region. The ratios, u K (x)/u π (x) and u K (x)/s K (x), were found to indicate the flavor symmetry breaking pattern. This implies that the quark distributions would depend on the surrounding quarks and on the hadron species they reside. The flavor symmetry breaking effects become larger at higher densities, and the two ratios show the opposite density-dependence in the large x region, although they show a similar densitydependence in the small x region. Experimental confirmation is, therefore, highly desired.
For future prospects, a few comments are in order. First, in the present work, we estimated the in-medium dynamical quark mass. This feature can be improved by including momentum-dependent dynamical quark masses generated in nuclear medium, e.g., based on the Schwinger-Dyson equations. Second, it would be interesting to extend the present approach to heavy mesons with charm or bottom flavor. These studies would give us further hints on the dynamical chiral symmetry breaking and the realization of heavy quark spin symmetry through the evolution of heavy systems in nuclear matter. 
